Highly oriented Al-doped ZnO ceramics were prepared by a high magnetic field method and their anisotropic thermoelectric properties were examined. The c-axis oriented specimen along the ab-plane showed a higher electrical conductivity compared to the a-axis and non-oriented specimens as a result of high electron mobility. On the other hand, the differences in the Seebeck coefficients and thermal conductivities between oriented and non-oriented specimens were a small. Consequently, the dimensionless figure of merit of the c-axis oriented specimen increased by about 30% compared to the other specimens.
ZnO-based ceramics are one of the candidates for the thermoelectric power generation because they are composed of nontoxic and abundantly available elements, and have a high chemical stability in air at high temperature. [1] [2] [3] [4] [5] [6] However, these thermoelectric oxides in polycrystalline are a much smaller electrical conductivity than that of the single crystals because the electrical conductivity is greatly influenced by the misorientation angles between the nearest neighboring grains, and thus this hinders a practical application. 7) In the case of oriented Al-doped ZnO thin films with large crystallite sizes, the films have the electrical conductivity as high as 2000 S/cm, which is almost five times larger than that of non-oriented polycrystalline bulk with the same composition. 8) In addition to this, the electron mobility of non-doped single crystal of ZnO has been reported around 200 cm 2 V À1 s À1 whereas the mobility of non-oriented polycrystalline Al-doped ZnO bulk is around 40 -50 cm 2 V À1 s À1 . 9, 10) Therefore, highly oriented bulk ceramics would expect higher thermoelectric properties than non-oriented ceramics.
We have applied the high magnetic field method to fabricate highly oriented Al-doped ZnO ceramics and their thermoelectric properties were investigated. In contrast to hot-working or seeded grain growth techniques, [11] [12] [13] [14] the high magnetic field method is a promised processing technique for aligning the crystallites. [15] [16] [17] [18] [19] The alignment of crystallites is based on the magnetic susceptibility different due to the crystal magnetic anisotropy. 15) Hence, an extremely highly oriented specimen would be obtained by the proposed technique. In particular, the thermoelectric oxides with a strong anisotropy are essential for a high degree of orientation so that the magnetic field method has an advantage over traditional texturing methods in terms of particle alignment.
The detailed preparation method of oriented specimens by the high magnetic field is available elsewhere. 20) Specific steps in this process other than ref. 20 are described below. Starting powders of ZnO (Hakusui Tech Co., Japan) and Al 2 O 3 (Sumitomo Chemical, Japan) were weighed to have a composition of Zn 0:98 Al 0:02 O. The mixed powder was then placed in a ball mill pot with distilled deionized water, a dispersant, and zirconia balls, and mixed for 2 h to prepare a slurry with a solid loading of 30 vol %. The slurry was poured in a cylindrical container made of Teflon and this was placed horizontally in a superconducting magnet (TM-10VH10, Toshiba, Japan) with and without rotating the container, and left there until the sample was dried. The rotation axis of the container is perpendicular to the direction of the applied magnetic field. A reference specimen was also dried without applying the magnetic field. After subjecting to cold isostatic pressing, the green compacts were heated to 1400
C for 10 h in air without the magnetic field. Xray diffraction (XRD) patterns were measured with Cu K radiation in vertical and horizontal planes to the magnetic field. The degree of orientation, F, was determined using the results of a reflection pole figure of (002). In this measurement, the incident () and diffraction (2) angles were maintained constant, and azimuthal (: 0 < < 360 ) scans were carried out around the normal direction (ND), which was perpendicular to the applied magnetic field at various polar angles (: 0 < < 75 ). The degree of orientation for ND, F ND (F ND ¼ À0:5 for completely random and F ND ¼ 1:0 for perfectly oriented), was calculated using
with
where I c is the normalized diffraction intensity with the background correction. 21) The microstructure of sintered specimens was observed by the field emission scanning electron microscope (FE-SEM; S-4300, Hitachi, Japan). Electrical conductivity was measured using a DC standard four-probe method. Seebeck coefficient was calculated from the thermoelectric voltage and temperature difference between the two ends of the samples. Thermal conductivity was calculated from the product of the thermal diffusivity, specific heat capacity, and density. The carrier concentration, n, and the Hall mobility, H , were measured by means of van der Pauw method using a DC bridge with 16 Hz excitation in a magnetic field up to 0.75 T at room temperature.
The results of XRD patterns and SEM images of the sintered specimen with rotating the magnetic field of 10 T are shown in Fig. 1 . The relative densities of all specimens were over 98%. The planes of analysis are in the directions parallel (==) and perpendicular (?) to the applied magnetic field, see schematic drawings in Fig. 1 . The == specimen [ Fig. 1(a) ] exhibited high diffraction intensities from (002) and (004) planes, while the diffraction lines of the {00l} planes were hardly observed for the ? specimen [ Fig. 1(b) ]. The microstructures are significantly different from the observed directions. The particles elongated along the direction of the applied magnet field [ Fig. 1(d) ], while the particles have a near hexagonal shape when observed from the other direction [ Fig. 1(c) ]. This is due to the increasing interference between adjacent grains in highly oriented particles in the green body. These observations indicate that the particles are oriented and the growth of ab-planes enables to enhance the degree of orientation during the sintering, realizing a highly oriented specimen. Figure 2 shows the (002) pole figure obtained from the == specimens with and without rotating the magnetic field. Large peak numbers at the center (ND) and radial symmetry for the contours in the pole figure indicate that the c-axes are preferentially aligned along the ND and randomly oriented within the ab-plane with rotating the magnetic field [ Fig. 2(a) ]. On the other hand, the c-axes were ovally distributed for the contours without rotating the magnetic field [ Fig. 2(b) ]. It suggests that peaks associated with the aaxes are aligned along the direction of the magnetic field, but the c-axes are randomly oriented within the plane perpendicular to the magnetic field. The degree of orientation calculated by eqs. (1) and (2), F ND , reached 0.89 and 0.51 with and without rotating the magnetic field, respectively. Note that we named samples hereafter c-axis and a-axis oriented specimens with and without rotation, respectively. Figure 3 shows the electrical conductivity and Seebeck coefficient as a function of temperature for the oriented and non-oriented specimens. A rectangular shape specimen, of which the longitudinal direction was parallel and perpendicular to a-axis and c-axis, respectively, was machined out from the oriented specimens for measurement of the transport properties. As a result, the degree of orientation of {00l} is in the order c-axis > a-axis > non-oriented specimens. The electrical conductivity of the c-axis specimen along the ab-plane was about 30% larger than that of the aaxis and non-oriented specimens over the measured temperatures as seen in Fig. 3 . Although the electrical conductivity of non-oriented specimen is larger than that of a-axis in spite of lower degree of orientation, the differences are relatively small. The data suggest that the electrical conductivity has a rather large anisotropic property. Meanwhile, the differences in the Seebeck coefficient between oriented and non-oriented specimens were small. Hence, the Seebeck coefficient is insensitive to the type of microstructure and has a small anisotropic property.
We also carried out Hall measurements to investigate the carrier concentration, n, and electron mobility, H , of obtained specimens and results are shown in Table I . The theoretical value of n for Zn 0:98 Al 0:02 O has been reported as 7:4 Â 10 20 cm À3 . 2) Observed n values for all the specimens are smaller than that of theoretical value, indicating that a Transport properties of the c-axis oriented specimen were measured perpendicular to c-axis and the a-axis oriented specimen were measured parallel to the a-axis.
small portion of Al was introduced to ZnO as a donor. However, there was almost no difference of n between the oriented and non-oriented specimens and the results are consistent with a previous report.
2 ) The H value of the caxis specimen, 85 AE 5 cm 2 V À1 s À1 , is about 70% larger than that of the other specimens. This number is a quite high compared to a previously reported value which is around 40 cm 2 V À1 s À1 . 22) It has been reported that the mobility of ZnO thin films along the ab-plane is, at least, twice larger than that across the ab-plane.
23) The difference in behavior of the electron mobility between the a-and c-axis oriented specimens could result from the anisotropic property of mobility and corresponding microstructure. Taking into account the error margin for n and H , a high electron mobility principally contributed to increase the electrical conductivity for the c-axis oriented specimen.
We have measured the thermal conductivity of oriented and non-oriented specimens as a function of temperature. As seen in Fig. 4 , the thermal conductivities of all specimens decreased as temperature increased. The electronic thermal conductivity was calculated by the Wiedeman-Franz law, which states that el ¼ L 0 T=, where the Lorenz number L 0 ¼ 2:44 Â 10 À8 V 2 K À2 , T the absolute temperature and the resistivity. The electronic thermal conductivity was less than 10% of the total thermal conductivity and slightly increased as the temperature increased. These results suggest that a significant reduction of total thermal conductivity is mainly lattice component (¼ À el ) by a phonon-phonon scattering. No anisotropic property was observed between the specimens since the phonon mean free path of ZnO ceramics has been reported to be submicron order, which is much shorter than the grain size of sintered Zn 0:98 Al 0:02 O. 24) Dimensionless figure of merit; ZT ¼ S 2 T= where , S, T, and are the electrical conductivity, Seebeck coefficient, absolute temperature, and thermal conductivity, respectively, of the c-axis oriented specimen along the ab-plane reached 0.15 at 770 C, which is estimated by the assumption that the value of thermal conductivity is the same as that of the non-oriented specimen at higher temperature.
In conclusion, we successfully fabricated highly oriented Al-doped ZnO ceramics by applying the high magnetic field. The a-axis and c-axis oriented specimens were fabricated by the static and rotating magnetic field, respectively. The elongated grains suggested that the growth of the ab-plane enables to enhance the degree of orientation during the sintering, realizing a highly oriented specimen. The c-axis specimen showed a higher electrical conductivity than the a-axis and non-oriented specimens without affecting the Seebeck coefficient. The primary contribution of the higher electrical conductivity is due to the high electron mobility. The thermal conductivity of all specimens showed similar values. As a result, the ZT value of the c-axis oriented specimen along the ab-plane showed 0.15 (at 770 C), compared to 0.11 (at 770 C) for the a-axis and non-oriented specimens. 
